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ABSTRACT

In this dissertation different van der Waals heterostructures such as grapheneMoS2 and MoTe2-MoS2 were prepared and characterized. In the first heterostructure,
polycrystalline graphene was synthesized by chemical vapor deposition and transferred
on top of MoS2 single crystal. In the second heterostructure, MoTe2 monolayers were
deposited on MoS2 by molecular beam epitaxy.
Characterization of graphene-MoS2 heterostructures was conducted by spin and
angle resolve spectroscopy which showed that the electronic structure of the bulk MoS2
and graphene in this van der Waals heterostructures is modified. For MoS2 underneath
the graphene, a band structure renormalization and spin polarization are observed. The
band structure of MoS2 is modified because the graphene induces screening which shifts
the Г-point ~150 meV to lower binding compared to the sample without graphene. The
spin polarization is explained by the dipole arising from band bending which breaks the
symmetry at the MoS2 surface. For graphene, the band structure at lower binding energy
shows that the Dirac cone remains intact with no significant doping. Instead, away from
the Fermi level the formation of several gaps in the pi-band due to hybridization with states
from the MoS2 is observed.
For the heterostructures made depositing monolayer of MoTe 2 on MoS2, the
morphology, structure and electronic structure were studied. Two dimensional growth is
observed under tellurium rich growth conditions and a substrate temperature of 200 °C
but formation of a complete monolayer was not achieved. The obtained MoTe2 monolayer
shows a high density of the mirror-twins grain boundaries arranged in a pseudo periodic
wagon wheel pattern with a periodicity of ~2.6 nm. These grain boundary are formed due
to Te-deficiency during the growth. The defect states from these domain boundary pin the
vi

Fermi level in MoTe2 and thus determine the band alignment in the MoTe 2-MoS2
heterostructures.

vii

1. INTRODUCTION

Graphene is a 2D carbon-based material whose atoms are arranged in a
honeycomb lattice and it exhibits outstanding properties such as high electron mobility
(2.5X105 cm2V-1s-1)[1], high thermal conductivity (>3.00 W mK-1) [2], and transparency
(optical absorption of πα≈2.3%, where α fine structure constant)[3]. High electron mobility
and low optical absorption are two properties of interest for applications as transparent
conducting electrodes in touch screen displays, organic light emitter diodes (OLEDs) and
electronic paper. Considering its inertness and impermeability to any gases[4], graphene
could be also used as paint and coating for corrosion barriers. However, zero band gap
and low optical responsivity (γ ≤ 1 X 10-2 AW-1)[5] of graphene limits its application in
electronic devices such as field effect transistors (FET) and photodetectors.
Semiconductor transition metal dichalcogenides (TMDs) with formula 2H-MX2,
where M is Mo or W, X is S, Se, or Te, and 2H means two-layer periodicity and it is the
prefix for the bulk stacking sequence. TMDs are also of interest because of their unique
electronic properties as they support both electron and hole conduction [6, 7]. Moreover,
when the bulk materials are reduced to monolayers, the band gap changes from indirect
to direct. Specifically, MoS2 presents high optical absorption (1 X 10-7 m-1); and band gap
of 1.9 eV (bulk) and 1.2 eV (monolayer)[8]. Staking graphene on top of MoS2 form a 2D
heterostructure which is of significant interest for the creation of Schottky barrier
transistors[9], and photoresponsive memory devices[10]. Graphene, the most important
2D material, is a good transparent electrode and MoS2 is a good photoactive material.
This type of heterostructure has already been proposed to be utilized as photodetector
using two different approaches. In the first one, few layers of MoS 2 are sandwiched
between two graphene layers[11]. In the second one, the graphene layer is supported by
a MoS2 monolayer[12].
1

MoTe2 is another interesting TMDs with intriguing properties that make it stand
out[13]. For example, the band gap of MoTe2 is ~ 1eV[14] comparable to Si. The smaller
gap of MoTe2 compared to other TMDs make it a promising material for ambipolar field
effect transistors [15, 16].It also would extend the operating range of TMDs to the near
infrared region. The smaller band gap and strong absorption throughout the solar
spectrum makes MoTe2 also a promising photovoltaic material. Combining these features
with the strong spin-orbit coupling make MoTe2 also an attractive material for spin- and
valley- optoelectronic material. The transition from direct to indirect-band gap possibly
occurs for several layer thick films and not at the monolayer thickness as for most other
TMDs[17] the direct band gap for few layers and the magnitude of the band gap make
MoTe2 an interesting material for near infrared optical detectors. In addition, a low energy
barrier for the phase transition between the semiconducting 2H (or alpha-phase) to a
metallic 1T’ phase is calculated [18]. These physical properties make MoTe2 an excellent
candidate to be used in new devices based phase change material.

1.1 Electronic structure of graphene
Graphene is a layer of carbon atoms with hexagonal symmetry as shown in Figure
1.1(a). The unit cell of graphene contains two carbon atoms, labeled as A and B, and
a

a

lattice vector a1 = 2 (√3, 1) and a2 = 2 (√3, −1), where a = √3𝑎𝑜 is the lattice constant
and ao = 0.142 nm is the nearest neighbor distance. The graphene Brillouin zone is
shown in figure 1.1(b). The reciprocal lattice vectors are given by b1 =
2π
a

(

1

√3

2π
a

1

(

√3

, 1) and b2 =

, −1). Figure 1.1(c) shows a scheme of the lattice structure of graphene with its sp2

–hybridized carbon atoms. The sp2 hybridization is the superposition of the 2s and two
2p orbitals, which produces three sp orbitals and one pz orbital. The three sp orbitals are
oriented in the xy plane whit a mutual 120° angle and constitute the σ-bond. These bonds
are responsible for the honeycomb structure of graphene and also for its robustness. The
pz orbital is oriented perpendicular to xy plane and form the covalent π- bond with the
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nearby carbon atoms. These bonds hybridized together to produce the π-band and π*band, which are responsible for the electronic properties of graphene[19].

Figure 1.1 (a) Crystal structure of graphene with the tight-binding parameter 𝛾𝑜 . (b) The
reciprocal cell and first Brillouin zone for graphene with the labels for especial symmetric
points. (c) Scheme of the lattice structure of graphene with its sp 2 –hybridized carbon
atoms.
Figure 1.2 (a) shows the calculated π-band and π*- band of graphene. At low
energy, the electronic band structure of graphene can be described by tight-binding
Hamiltonian where the interactions between carbon atoms is limited to nearest A-B atoms
and only one π orbital per carbon atom is taken into account. The analytic solution for this
model is
𝑎

𝐸 ± (𝑘𝑥 , 𝑘𝑦 ) = ±𝛾𝑜 √1 + 4cos(√3𝑘𝑥 𝑎) cos(𝑘𝑦 𝑎) + 4𝑐𝑜𝑠 2 (𝑘𝑦 2)
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(1)

where 𝛾𝑜 ~ 2.7 eV is the tight-binding parameter. In undoped graphene, the valence and
the conduction band meet each other in the Fermi level at the K and K’ points. This
crossing point is called Dirac cone. Expanding (1) around the K point (or K’ point)
produces a linear dispersion relation given by
E ± (κ) = ±

√3γo a
𝜅
2ћ

(2)

where  = 𝑘 − 𝐾 is the distance from the K point. When the linear dispersion relation is
compared with the expression for relativistic energy dispersion E = √𝑚2 𝑐 2 + 𝑝2 𝑐 2 for
particles with zero rest mass, the effective speed of light or Fermi velocity is: 𝑉𝐹 =

√3γo a
2ћ

≈

𝑚

1.01 × 106 𝑠 , which is around 300 times lower than the speed of light in vacuum.

Figure 1.2 Calculated band structure for a single layer of graphene along M-Г-M-K
direction. The inset shows the π-band and π*- band close to the K point. (Figure from
reference [19]).

1.2 Fundamental physical properties of TMDs
In TMDs, a transition metal is sandwiched between two layers of chalcogens
forming a trilayer structure with strong in-plane covalent bonding. To form a bulk material,
4

these trilayers are stacked on top of each other as a shown in Figure 1.3. When a
chalcogen atom in one layer is situated on-top of a transition metal of the adjacent layer
gives rise to a 2H structure which is common form for many TMD, such as 2H-MoS2.
Other stacking sequences such as 3R-MoS2 are also possible but slightly less
energetically favored [20]. Mainly weak van der Waals-type interlayer interactions hold
the layers together and additional interactions with some charge transfer between layers
may also be present.

Figure 1.3 (a) TMDs trilayer structure. (b) 2H-stacking sequences. (c) Top view of the 2H
stacking.
Prominently, transition metal dichaclogenides such as MoS2, MoSe2, WS2, WSe2,
and MoTe2 all exhibit a transition from an indirect band gap to a direct band gap
semiconductor if the interlayer coupling is removed by isolating single layers [14, 17, 2123]. All the TMDs have similar electronic structure and this behavior can be traced back
for all of them to a variation of the valence band maximum (VBM) around the Γ-point of
the Brillouin zone (BZ). Figure 1.4 shows the calculated electronic structure for different
layers of MoS2. For bulk MoS2, the valence band maximum is located at the Γ-point while
the conduction band minimum is located close to the K-point. For MoS2 monolayer, the
5

binding energy of the VBM at the Γ-point is increased, shifting it below the VBM at the Kpoint and thus causing the transition to a direct band gap due to a simultaneous but
smaller change in the conduction band minimum [24].

Figure 1.4 Calculated electronic structure for different layers of MoS 2.(Figure from
reference. [24])
The strong binding energy variation of the VBM at the Γ-point, but not at the Kpoint, is associated with the orbital character of the VBM-band [25]. At the K-point, the
VBM is predominantly made up of dx2-y2 /dxy orbitals of the transition metals and thus
are mainly located within the transition metal planes of the TMDs with no overlap between
layers. The predominant transition metal d-orbitals character at the K-point is also evident
from the strong spin-orbit coupling splitting of the VBM at the K-point. In contrast, at the
Γ-point, the VBM is made up from out-of plane orbitals, mainly transition metal dz2, which
implies stronger interlayer electronic interactions. A lack of these interlayer interactions in
monolayers causes an increase in the binding energy of these states and thus the
6

transition to a direct band gap material. This shift of the VBM at the Γ-point has been
experimentally demonstrated for many TMDs mainly by optical photoluminescence
measurements as a clear indication of the indirect to direct band gap transition. A change
of the valence band maximum position in semiconducting TMDs from the Γ- to the K-point
for monolayers has originally been observed directly by angle resolved photoemission
spectroscopy (ARPES) in [26], and recently measured on other systems in more detail
[27].
1.2.1 Molybdenum Telluride
The MoTe2 in bulk has two basic forms, 2H-MoTe2 and 1T’-MoTe2 which are shown
in Figure 1.5. The 2H-MoTe2 is a stable semiconductor with hexagonal structure like that
of 2H-MoS2 [28]. 1T’-MoTe2 is a layered metastable semimetal with monoclinic structure,
which exhibits one dimensional characteristics due to its zigzag Mo-Mo chains bonding
[29]. In bulk, the 2H-MoTe2 is a semiconductor with an indirect band gap of 0.88 eV. When
the thickness of 2H-MoTe2 is thinned to a monolayer, a change in the band gap from
indirect to direct with a width of ~1.0 (eV) is produced, which has been measured by
optical absorption[14].

Figure 1.5 Illustration of (a) 2H-MoTe2 or α-MoTe2, (b) 1T’-MoTe2 or β-MoTe2. Red and
pink circles represent top and bottom Te atoms, respectively. The metal atoms are
represent by small dark (bottom) and light (top) grey circles. Additionally, in (b) the
formation of metal zigzag chains atoms is illustrated. (Figure from reference [30])
7

In early works, the phase transition from the 2H- to the 1T’-phase was reported to
occur between 820°C and 880 °C [31], with the higher transition temperature for slightly
tellurium depleted material (MoTe1.90). However, in a recent work [32], the phase transition
was revisited and much lower phase transition temperatures were found. For slightly Tedeficient materials, the transition already started at ~500 °C and for Te-enriched phase,
the 2H-phase was found to be stable up to 750 °C. Once transformed into the 1T’-phase,
this structure remains metastable to low-temperatures without transforming back into the
2H-phase, allowing its characterization at, or below, room temperature [30].

1.3 Organization of this dissertation
The rest of this dissertation is organized as follows. In Chapter 2, the methods and
steps used to synthesize the van der Waals heterostructures are presented. Chapter 3
describes the experimental techniques used to study the electronic structure and the
surface morphology of the Van der Waal heterostructures. Chapter 4 presents a summary
of the results published on CVD grown graphene transferred on MoS2 (0001), and MoTe2
single layer grown on MoS2 (0001) by MBE. Chapter 5 shows a summary of this work.
Appendix 1 presents a summary of the published results for graphene transferred on NbSrTiO3.[33]
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2. PREPARATION METHODS OF 2D HETEROSTRUCTURES

2D heterostructures is an emergent research field motivated by the idea of building
devices made of staking different 2D crystals on top of each other [1]. So far, fabrication
methods of 2D heterostructures are mechanical exfoliation, Chemical Vapor Deposition
(CVD)-related processes, and Molecular Beam Epitaxy (MBE) growth. In mechanical
exfoliation method, single layers are mechanically exfoliated and placed one top of each
other. This method produces good quality heterostructures but with small sizes (a few
hundreds of micrometers). CVD and MBE methods synthesize large areas of 2D crystal
with good control of number of layers and small amount of defects [2-4]
Here, two approaches are pursuit for the synthesis of 2-D heterostructures. For
graphene/MoS2 heterostructures, the graphene monolayer is CVD grown and
subsequently mechanically transferred to MoS2 (0001) single crystal. MoTe2 and MoSe2
are grown by molecular beam epitaxy in ultra-high vacuum on Highly Oriented Pyrolytic
Graphite (HOPG) or MoS2. This chapter presents the methods and steps used to fabricate
the aforementioned heterostructures.

2.1 Graphene transfer on MoS2
CVD of hydrocarbons on copper foil at high temperature is the most reliable
method to synthesize large areas of graphene. Nevertheless, a transfer process is
required to study the properties of graphene on the substrates of interest for electronic
device applications. For example, graphene-based FET requires a dielectric interface
between graphene and the channel for its functioning. It has been found that the dielectric
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material plays a key role in the properties of the graphene such as Fermi velocity [5],
charge carrier mobility [6], and resistivity [7].
The transferring process of CVD-grown graphene starts by attaching a support
layer such as poly methyl metha – crylate (PMMA) or Polydimethylsiloxane (PDMS) to
the graphene layer. Afterwards, the catalyst metal is etched away and the support
layer/graphene is transferred to the destination substrate. Finally, the support layer is
removed. In this work, a PMMA thick film is used as a support layer. The cooper foil was
etched away using a solution of ammonium persulfate and the PMMA layer is removed
by a combination of acetone bath and annealing at 300 °C.
2.1.1 Growth of graphene by CVD
CVD is one of the growth techniques that can synthesize meter scale graphene
[8]. Copper has been a very popular substrate to grow several carbon allotropes such as
carbon nanotubes [9], diamond [10] and graphene [2]. Copper has low carbon solubility
which allows a good control of graphene layers making it an ideal catalyst metal for
synthesizing graphene. The graphene synthesis on copper foil by CVD is facilitated by
the decomposition of methane gas on the copper surface at elevated temperature [11].

Figure 2.1 Scheme of MTI-OTF-1200X low pressure chemical vapor deposition system.
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In this work, graphene is synthesized by CVD on polycrystalline copper foil (Alfa
Aesar, 99.999% purity, 25µm thick and a size of 2.5X1.5 cm2) using methane as the
carbon precursor in a MTI-OTF-1200X low pressure CVD system shown in Figure 2.1. In
order to remove the surface oxide, the copper foil substrates were cleaned in acetic acid
for 10 min prior to load in the CVD system, which was pumped to the base vacuum
pressure (6.2x10-2 Torr). Afterwards, the copper foil was heated at 1030 °C for 60 min
under a H2 and Ar atmosphere (~2.0 Torr) in order to increase the copper grain size and
smooth the surface. Then, methane was introduced in the quartz tube whose temperature
was set to 1000 C. Finally, the sample was cooled to room temperature under H2, Ar and
CH4 ambient. The schematic of the graphene grow process is shown in Figure 2.2.

Figure 2.2 Temperature vs. time scheme for the graphene growth process.
Graphene films synthesized by CVD on copper foil contain a single layer or few
layers depending on the growth conditions. Scanning Electron Microscopy (SEM) is used
in this work in order to study features such as multiple graphene layers, graphene
wrinkles, copper terracing and grain boundaries of the graphene layers. Figure 3 shows
SEM images of graphene film on copper foil, which were taken with 10kV beam
accelerating voltage in order to get a better contrast between the graphene layers. Figure
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3 (b) shows several narrow dark lines crossing the copper steps and boundaries
(graphene wrinkles), which are a signature feature of CVD process and indicate the
continuity of graphene film [11]. The gray background color corresponds to graphene
monolayer and the dark color flakes correspond to the second layer of graphene. The
amount of second layers can be controlled by the growth conditions. For example, a
graphene film with high amount of second layer is shown in Figure 3(c) and can be
obtained by keeping the copper substrate at 1030C during the whole growth time under
H2, Ar and CH4 ambient

Figure 2.3 (a) Large scale SEM image of CVD-synthesized graphene on copper foil. The
sample shows several copper grains with millimeter size. (b) Magnified image of the
region enclosed in the red box in (a). (c) SEM image of graphene with high amount of
second layer.
2.1.2 Transfer process of graphene
Large area of uniform and polycrystalline graphene can be obtained by CVD on
copper foil. However, a transfer process is required for most graphene-based
applications. The transfer process is performed by attaching a PMMA thick film on the
graphene/cooper sheet. Graphene is mechanically supported by the PMMA film after the
cooper foil is etched away. Afterwards, the PMMA/graphene sheet is placed over the
destination substrate and the PMMA film is removed by dissolution.
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Figure 4 shows an illustration of the graphene transfer process. In the first step,
PMMA dissolved in cyclohexanone was spin-coated onto graphene on one side of the Cu
foil. The PMMA layer was dried at room temperature for 24 hours in air before removing
the unprotected graphene film using oxygen plasma etching (2 min, 75 W RF power).
This step is necessary because graphene grows on both sides of copper foil. Then,
PMMA/graphene/Cu sample was placed to float on aqueous ammonium persulfate for 12
hours in order to etch away the Cu substrate. Afterwards, the resulting PMMA/graphene
membrane was scooped out from the etch solution and placed to float on deionized water
and then on isopropyl alcohol. The next step is to place the PMMA/graphene onto MoS2
or SrTiO3 substrates. The sample was dried for 20 min at room temperature in order to
remove the water trapped underneath the PMMA/graphene membrane. Finally, the
sample was annealed in air at 180C for 1 hour before removing the PMMA coating in an
acetone bath followed by annealing in air at 300C by 5 hours.

Figure 2.4 Illustration of the transfer process of graphene.
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2.1.3 Cleaning of transferred graphene
The aforementioned transfer technique has two crucial conditions that influence
the quality of the transferred graphene. The first condition is the adhesion between
graphene and the target substrate. Poor adhesion causes the folding of the graphene
membrane. The surface adhesion between graphene and the substrate can be influenced
by several aspects such as the substrate roughness and the surface energy [12]. The
second condition is the cleanness of the transferred graphene. PMMA residues adsorbed
onto graphene are known to degrade the graphene transport properties [13]. Here, the
cleanness of transferred graphene on Nb-SrTiO3 and MoS2 was studied by Atomic Force
Microscopy (AFM), and scanning tunneling microscopy (STM). STM characterization
technique is explained in Chapter 3.
Figure 2.5(a) and (b) show AFM micrographs of transferred graphene on MoS2
(001) and Nb-SrTiO3 (001), respectively. The AFM images show that the transferred
graphene layer is continuous, with no holes or cracks, and follows the terrace structure
of the substrate closely. The AFM images also show a few wrinkles of ~1.2nm-4.0nm high
produced by the transfer process. Wrinkles of ~1.2 nm are formed in the CVD process
due to the difference between the thermal expansion coefficient of graphene and the
copper foil.

Figure 2.5 AFM images in non-contact mode of CVD-grown graphene transferred onto
(a) MoS2 (0001) and (b) Nb-SrTiO3 (001).
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In order to remove the water trapped underneath of graphene layer and the PMMA
residues, the graphene/MoS2 and graphene /Nb-SrTiO3 samples were annealed in ultrahigh vacuum conditions (10-10 torr).The graphene/MoS2 was annealed at 300°C for 12
hours and the graphene/Nb-SrTiO3 was annealed at 700°C for 12 hours before
performing the STM characterization. Figure 2.6 (a) and (b) clearly show the honeycomb
structure of graphene demonstrating the cleanliness and ultra-flat surface of transferred
graphene.

Figure 2.6 High resolution STM images of ultra-flat graphene transferred onto (a) MoS2
and (b) Nb-SrTiO3.

2.2 Molecular beam epitaxy of MoTe2 and MoSe2
Molecular beam epitaxy (MBE) is a well-known technique used to grow epitaxial
films of a wide variety of materials such as metals, semiconductors and oxides. The MBE
process is carried out in ultra-high vacuum environment, which minimizes the
contamination of the growing surface and allows a precise control of the deposited layer
composition. In MBE growth process, beams of atoms or molecules impinge upon a
heated and atomically clean surface. In epitaxy growth, the arriving atoms form a
crystalline film in registry with the substrate atoms. The composition or impurity level of
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these films can be changed to produce high quality heterojunctions with great precision
(<0.01nm) and purity (>99.9999%) [14]. Thus, MBE is a technique able to produce
complex structures, including laser diodes, solar cells and optoelectronic devices.

Figure 2.7 Illustration of the MBE growth process.(Figure from reference [14]).
Figure 2.7 shows an illustration of the different processes that can take place on
the substrate surface during the MBE growth. (i) The evaporated molecules or atoms
reach the substrate surface and loose energy until they reach thermodynamic equilibrium
and are adsorbed on the surface (adatoms). When the interaction between the incident
atoms and the surface is weak, the atoms may re-evaporate from the surface before
attaching to the growing film or form stable nuclei (ii). (iii) The adatoms move by surface
diffusion jumping from one position to another until they reach energetically favorable
position to bond with the substrate. These positions are usually substrate steps and
surface defects. After the adatoms bond with the substrate, the nucleation process starts,
producing atomic terraces (iv) or clusters (v).
Depending on the growth conditions, the deposited film can be homoepitaxy or
heteroepitaxy. In homoepitaxy growth, the film is the same material as the substrate and
the crystalline film grows in registry with the substrate. In heteroepitaxy growth, the film
and the substrate are different material and the films also grow in registry with the
substrate. When the film and the substrate are Van der Waals materials, the growth
process is called Van der Waals epitaxy. In this kind of epitaxy growth, good quality of
heterostructures can be prepared, even if the film and the substrate have large lattices
differences [4].
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In this work, heterostructures between MoTe2/MoS2 and MoSe2/MoS2 were
prepared by depositing MoTe2 or MoSe2 monolayers onto MoS2 (0001) single crystal
(commercially available from 2D Semiconductors Inc.) by MBE. An illustration of the MBE
system used is shown in Figure 2.8. The MBE system is equipped with a home-made
mini e-beam evaporator for molybdenum (Mo), a K cell for tellurium (Te) and valve cracker
source for selenium (Se) evaporation. Homemade e-beam heater is used to control the
substrate temperature during the growth process. For MoTe2 or MoSe2 deposition, the
MoS2 crystal is cleaved in air and mounted on tantalum sample holder. Afterwards, the
MoS2 surface is cleaned by annealing in ultra-high vacuum at 300 °C for 4 hours before
the film growth. During the films growth, the substrate temperature and the deposition
rate of Mo, Te or Se are kept constant. The film’s growth conditions for MoTe2 and MoSe2
are summarized in Table 2.1.

Figure 2.8 Illustration of the MBE system used to synthesize 2D heterostructures.
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Table 2.1 Film growth conditions for MoTe2 and MoSe2.
Sample

Substrate

Mo deposition

Te deposition

Se deposition

Temperature

rate

rate

rate

MoTe2

~200 °C

~0.01 nm/min

MoSe2

~400 °C

~0.02 nm/min

~0.05 nm/min
~0.05 nm/min

After deposition, the films are studied by STM and X-ray photoelectron
spectroscopy (XPS) in order to determine thickness and chemical composition
respectively. The STM and XPS characterization are performed in a surface analysis
chamber attached to the MBE chamber. An illustration of the analysis chamber is shown
in Figure 2.9.

Figure 2.9 Illustration of the analysis chamber.
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3. CHARACTERIZATION METHODS

This chapter describes the experimental techniques used to study the electronic
structure and the surface morphology of the Van der Waals heterostructures. Angle
Resolved Photoemission Spectroscopy (ARPES) and Scanning Tunneling Spectroscopy
(STS) are used for the study of the electronic structures. Surface morphology is
characterized using Scanning Tunneling Microscopy (STM), which is also employed to
confirm the quality and cleanness of graphene heterostructures. For heterostructures
grown by MBE, STM is used to measure the number of layers and the substrate coverage.
This chapter is divided into three different sections. 1) Photoemission spectroscopy; 2)
angle resolved photoemission, and 3) scanning tunneling microscopy and scanning
tunneling spectroscopy.

3.1 Photoemission spectroscopy
The photoemission spectroscopy is an experimental technique used to study the
band structures of occupied electronic states. This technique is based on the
photoelectric effect, in which a solid surface is irradiated with energetic photons, the
photons can be adsorbed by electrons in the solid. If the energy of photons is higher than
the work function of the solid, photo-electrons are emitted from the solid surface with a
maximum kinetic energy equal to the difference between the photon energy and the work
function (𝐾𝐸 = ℎ𝑣 − 𝜙).
The photoemission process is commonly described by the phenomenological
model known as the three step model. In this model, the photoemission process consists
of three independent steps:
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1. Optical excitation of an electron in the solid
2. Traveling of the excited electron to the surface
3. Emission of the electron from the solid surface
When the photoemission process ends, the total observable (external) emission
current is given by the product of: the internal electron current density of the optical
excitation, the probability that an excited electron can reached the surface with energy
equal to energy of the final state(𝐸𝑓 ), and the transmission probability of the electron
through the surface.

Figure 3.1 Bands scheme of a direct transition process between two bulk bands. (Figure
from reference [1])
The representation of the optical excitation process is shown in Figure 3.1. This
first step is described by the Fermi’s golden rule transition probability for an electron with
initial state ǀ𝑖, 𝒌 > and final state ǀ𝑓, 𝒌 >. Figure 3.1 shows a band scheme of a direct
transition process between two bulk bands. The probability of this excitation process is:
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Wfi =

2π
ћ

|⟨f, 𝐤|H′|i, 𝐤⟩|2 δ(Ef (𝐤) − Ei (𝐤) − ћω)

(3.1)

The perturbation operator H’ is:
e

e

H ′ = 2m (𝐀. 𝐩 + 𝐩. 𝐀) = m 𝐀. 𝐩

(3.2)

Where, p is the momentum operator (𝐩 = −iћ𝛁) and A is the electromagnetic vector
potential of the incoming radiation. Note that the commutation relation [𝐩, 𝐀] = −iћ𝛁. 𝐀 =
𝟎, because A is constant for Ultra Violet (UV) radiation. Inserting (3.1) into (3.2) results
in:
Wfi =

2π
ћ

mfi δ(Ef (𝐤) − Ei (𝐤) − ћω)
e

mfi = m ⟨f, 𝐤|𝐀. 𝐩|i, 𝐤⟩

(3.3)
(3.4)

The internal electron current is given by:
Iint (E, ћω, 𝐤) ∝ ∑f,i|mfi |2 f(Ei (𝐤))δ(Ef (𝐤) − Ei (𝐤) − ћω)δ(E − Ef (𝐤))

(3.5)

This expression also includes the Fermi distribution function f(Ei) and the -function
δ(E − Ef (𝒌)). The Fermi distribution function guarantees that the initial state is occupied.
In the -function δ(E − Ef (𝒌)), E represents the detection energy of the electron analyzer.
The second step of the photoemission process is the propagation of the excited
electron to the surface. In this step, the probability that an excited electron can reach the
surface with energy equal to the energy of the final state(𝐸𝑓 ) is represented by the
transport probability given by
D(E, 𝐤) ∝ λ(E, 𝐤)

(3.6)

Where, 𝜆(𝐸, 𝒌) is the mean free path of the electron in solids. Figure 3.2 shows
experimental data for the mean free path of electrons as a function of the kinetic energy

25

for different materials. For UV radiations, the value of λ is around of ~10Å, which makes
the photoemission a surface sensitive technique.

Figure 3.2 Mean free path of an electron as a function of the kinetic energy. (Figure from
reference [2]).
In the last step of the photoemission process, the emission of the electron from the
solid surface can be treated as the scattering of a Bloch electron wave from a surface
potential with translation symmetry only parallel to the surface. Figure 3.3 shows a
scheme of this scattering process, in which the wave vector parallel to the surface
component 𝑘// is conserved but not the normal component 𝑘⊥ . This implies that
k ex
// = k // + G//

(3.7)

In this expression, G// is an arbitrary 2D reciprocal lattice vector. The conservation
of energy is determined by the external wave vector component parallel to the surface
and is given by

26

Ekin =

ћ2 kex

2

2m

ћ2

2mEkin

k ex
// = √

2m

k ex
⊥ =√

ћ

2

2

ex
= 2m (k ex
// + k ⊥ )

ћ

sin φ

Ekin − (k // + G// )

(3.8)

(3.9)

2

(4.0)

According to (3.7), the transmission probability of the electron through the surface is
T(E, k)δ(k // + G// + k ex
// )
2

T(E, K) ≤ 1, for k ex
⊥ >0

(4.1)
(4.2)

Figure 3.3 (a) Scheme of a photoemission experiment. (b) Emission of the electron from
the solid through the surface with conservation of the wave vector component parallel to
the surface. (Figure from reference [1]).
Finally, the product of (3.5), (3.6), and (4.1) give an expression of the observable external
emission current in the three step model:
Iext (E, ћω, k 𝒆𝒙 ) ∝ ∑f,i|mfi |2 f(Ei (𝐤))δ(Ef (𝐤) − Ei (k) − ћω)δ(E − Ef (𝐤)) δ(k // + G// +
k ex
// )D(E, 𝐤)T(E, 𝐤)
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(4.3)

3.1.1 Selection rules
The matrix mfi 𝑖𝑠 determined by the geometry of the photoemission experiment
and the symmetry of the electronic states implicated. In order to illustrate the effect of mfi ,
on the intensity of the observable emission current in (4.3), the geometry of the
photoemission experiment shown Figure 3.4 is taken as an example. Figure 3.4 shows
two polarizations of the incoming radiation, A1 parallel, and A2 normal to the mirror plane.
The mirror plane is created by the direction of the incident radiation and the trajectory of
the emitted electron. Figure 3.4, also shows a p-type orbital oriented along the x-direction
which is chosen as initial state ǀ𝑖, 𝒌 >. This initial state is odd with respect to the reflection
of the mirror plane. In order to have photoemission intensity, the whole integrand
⟨f, 𝐤|𝐀. 𝐩|i, 𝐤⟩ in (3.3) have to be an even function with respect to the reflection of the mirror
plane. However, the final electronic state ǀ𝑓, 𝒌 > must be even[3], which implies the next
selection rules
∂

∂



For A1: ⟨even|even|even⟩, with < f, kǀ even, ∂y even, ∂z even, and ǀi, k > even



For A2 : ⟨even|odd|odd⟩, with < 𝑓, 𝑘ǀ even, 𝜕𝑥 𝑜dd, and ǀ𝑖, 𝑘 > odd

𝜕

According to the selection rules, the initial electronic states shown in Figure 3.4 can only
be detected when the incoming light is polarized normal to the mirror plane.

Figure 3.4 Scheme of the geometry for a photoemission experiment. (Figure from
reference [1]).
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3.2 Angle resolved photoemission (ARPES)
ARPES is an experimental technique that allows the study of the electronic
structure of ordered solids. In ARPES, the band structure is determined by measuring the
angular distribution and kinetic energy of the electrons emitted by the sample under
investigation. The experimental configuration of a generic angle resolved photo emission
experiment is shown in Figure 3.5. The main components of this experimental setup are:
radiation source, hemispherical electron energy analyzer, and sample manipulator. The
radiation source can be a synchrotron, a gas-discharge lamp, or a laser [4]. The
synchrotron radiation provides important advantages compared with the others because
it can be monochromatized over a wide spectral range from x-ray to visible region (~10
to 900 eV) with high intensity and high polarization. On the other hand, the gas discharge
lamp only provides un-polarized radiation at discrete energies. The laser radiation
provides good resolution, one order of magnitude better than the synchrotron radiation.
The disadvantage of laser radiation (6 eV) is the small momentum region that can be
studied [4].
The hemispherical electron energy analyzer consists of a hemispherical capacitor
(two concentric metal hemispheres with different radius R1 and R2) which is connected to
a potential difference ΔV. U this condition, only electrons with kinetic energy equal
R1

R2

to Epass = e∆V(R2 − R1) can pass through this capacitor and then reach the 2D electron
detector. The energy resolution of a hemispherical electron analyzer is given by ∇Ea =
w

Epass (R +
0

α2
4

), where R o =

R1 +R2
2

, w is the width of the aperture slit, and α = (𝜃1 + 𝜃2 ) is

acceptance angle. The sample manipulator typically has six degrees of freedom, three
translation and three rotational axes, and it is mounted on a cryostat which can reach
temperatures down to ~90K when the cryostat is using liquid nitrogen.
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Figure 3.5 Scheme of an experimental configuration of a generic angle resolve photo
emission experiment.
Figure 3.6 shows a typical two dimensional ARPES spectra for graphene close to
the K point, which is used as an example to illustrate the energy distribution curve (EDC)
and momentum distribution curve (MDC) analysis. The EDC is ideally given by (4.3) for
fix momentum values. The EDC provides information about the energy of the initial states
convoluted with the secondary-electron background and the Fermi distribution function.
In general, the line shape of EDC is difficult to fit using a simple Lorentzian or Gaussian
line shape. The MDC is an intensity curve of an ARPES spectrum as function of the
momentum for a fixed energy value. The MDC is not affected by the secondary-electron
background and the Fermi distribution function. In strongly correlated systems, the MDC
analysis provides information about the single particles spectral function[5].
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Figure 3.6 ARPES spectrum for CVD grown graphene transferred on Nb-STO. The MDC
and EDC curves are also shown. For energy regions where 𝐸(𝑘) = 𝑣𝐹 𝑘, the line shape of
DMC can be fitted using a Lorentzian function [6].

3.3 Scanning tunneling microscopy and spectroscopy
Scanning tunneling microscopy is an experimental technique for surface
characterization in which an atomically sharp metal tip is placed close to the sample
surface. A small differential potential (U) is applied between the sample and the tip in
order to produce an electron current between the electrodes through vacuum. This
current is known as tunneling current (I) because it is produced by a quantum mechanical
phenomenon in which electrons from one conductor penetrate a potential barrier into a
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second conductor (tunneling effect). Surface topography images are obtained by moving
the tip across the surface and recording tunneling current as a function of the tip position.
Figure 3.7 shows a scheme of the main components of a scanning tunneling
microscope. The tip moves along the three directions by applying a potential to the piezo
electric elements of a tripod or similar piezo-element geometry. The XY scanning is
performed using an electronic circuit called XY-Ramp which controls the X and Y piezo
drives. The distance between the tip and the sample is controlled by the feedback
electronic system and the Z-piezo drive. Typically, during an STM scan the tunneling
current is kept constant. The tunneling current has strong dependence of the separation
between the tip and the sample surface. For example, for a small change (1Å) in the tipsample distance, the tunneling current changes by one order of magnitude [1]. Thus,
changes in the tunneling current produced by changes in the topography, work function
or local sample composition are compensated by the feedback electronic system which
adjusts the sample-tip distance.

Figure 3.7 Main components of a scanning tunneling microscope.
STM images are difficult to interpret because the contrast in STM images contain
information about surface topography convoluted with the local composition, changes in
the work function, and local electronic structure. STS complements STM analysis since
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electronic structure of the surface can be obtained using the same experimental setup. In
a STS measurement, the feedback loop is open (tip-sample distance is not compensated
by the feedback circuit) and the tunneling current is recorded as a function of the sample
bias (U), which is usually ramped from a negative to a positive voltage. Under this
condition, the tunneling current (I) is [7]
eU

I ∝ ∫0 ρ(E)T( E, eU)dE

(4.3)

where, ρ(E) is the surface density of states and T(E,U) is the tunneling probability of an
electron. By differentiating (4.3) we obtains
dI
dU

eU

d

∝ eρ(eU)T(eU) + e ∫o ρ(E) deU [T(E, 𝑒𝑈)]dE

(4.4)

The first term is proportional to the surface density of states and the second term is the
background of the STS spectrum.

Figure 3.8 Electronic band scheme of a metal tip close to a semiconductor surface with
two opposite bias voltages.
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Figure 3.8 shows an electronic band scheme of a metallic tip in close proximity to
a semiconductor surface with two opposite bias voltages. When the tip is negative with
respect to the sample surface (sample bias positive), the tunneling electrons move from
the tip to the empty surface states of the sample, therefore information of the conductionband states is obtained. For a negative sample bias (metal tip is positive), only valenceband state can be reached and the tunneling current give information about the occupied
surface states. Finally, in order to show the capabilities of the STM and STS in the study
of 2D materials, Figure 3.9 (a) and (b) shows as an example, an atomic resolution STM
imagen of the clean surface of MoS2 and the derivative of the STS spectra taken in
different points of the surface. In this case, the derivative of the STS spectra show clearly
the band gap for the MOS2 and allows a determination of the Fermi-Level position (sample
bias=0.0V) from this sample.

Figure 3.9 a) High resolution STM image of MoS2 (It=1nA and Vbias= 0.8 V). b) Derivative
of STS spectra at room temperature for different positions on the sample surface shown
in a).
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4. RESULTS

This chapter presents a summary of published results on CVD grown graphene
transferred onto MoS2 (0001) and MoTe2 single layer grown on MoS2 (0001). These
results have been published in [1-4].In the first section, characterization results of the van
der Waals heterostructure formed between graphene and MoS2 are discussed. In the
second section, characterization results of the van der Walls heterostructure formed
between MoTe2 and MoS2 are presented.

4.1 CVD grown graphene transferred onto MoS2
CVD graphene was transferred onto a synthetically grown MoS2 using the method
described in Chapter 2. In order to achieve a complete removal of the PMMA residues
after the transfer process, the PMMA residues were removed by an acetone bath followed
by annealing at 300°C by 5 hours in air and in UHV conditions. After annealing in air, the
quality of graphene was studied by no-contact AFM in ambient conditions. The AFM
image in Figure. 4.1(a) shows mono- and bi-layer of water trapped underneath the
graphene layer as well as wrinkles created during the transfer process. The heights of the
mono- and - bi layer of water are shown in Figure. 4.1(b) which are in agreement with the
values reported for water trapped between graphene and mica[5]. After annealing in UHV
conditions at 300 °C, ultra-flat and clean graphene surface was obtained as shown in the
high resolution STM image in Figure. 4.1(c). The STM image confirms the formation of a
high quality and clean interface where the atomic honeycomb structure of graphene
superimposed with a weak moiré structure is clearly observed. The moiré structure is
induced by the MoS2 substrate on graphene. The ultra-flat and clean graphene on MoS2
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was also studied by XPS in order to confirm the cleanness of the surface. Figure.4.1 (d)
shows the C-1 XPS spectra of graphene transferred on MoS2 after annealing in UHV
condition. A single component is observed which is fitted using a Doniach and Sunjic line
shape (bottom solid line). No other components like –CH3 (sp3C), carboxyl C-O, and
carbonyl C=O from PMMA are observed [6]. A single XPS carbon peak indicates that the
surface has been cleaned from any PMMA residues after the UHV annealing.

Figure 4.1 (a) AFM image of graphene –MoS2 where water trapped-layer in between
graphene and MoS2 is observed. (b) Line profile taken along the red line in (a). The area
labeled 0WL does not contain trapped water whereas those labeled 1WL and 2WL
indicate mono and bi layers trapped water on MoS 2. (c) High resolution STM images of
graphene on MoS2 taken with It = 33 nA and bias voltages of Vbias= -50 mV. (d) The C1s XPS spectra measured with synchrotron radiation of 350 eV.
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4.1.1 Hybridization and Dirac relativistic carrier in graphene/MoS2
MoS2 is a layered compound, where the molybdenum layers are sandwiched
between adjacent sulfur layers. The MoS2 has covalent bonding along the molecular
planes and van der Waals bonding between the layers perpendicular to the molecular
planes. Similarly, the covalent bonding in graphene is limited to the carbon plane,
therefore a weak interface interaction between graphene and MoS 2 is expected [7].
However, in this work it is demonstrated that the electronic structure of graphene is
modified by MoS2 substrate only at higher binding energy (higher than ~2.1 eV). Close to
Fermi level, the electronic structure of graphene is not disturbed by the MoS2 substrate
as shown in the ARPES measurement for multi graphene grains (Figure. 4.2(a) and (b)),
and the nano-ARPES measurement for the single graphene grain (Figure 4.2(c)). Both
ARPES and nano-ARPES show an un-doped, relativistic, and gapless Dirac-cone where
the Dirac point perfectly coincides with the Fermi level. In addition, angle integrated
photoemission intensity for the ARPES and nano-ARPES data show that in both cases
the intensity drops to zero directly at the Fermi-level, indicating that the Dirac-point lies at
the Fermi-level and that there is no doping nor band-gap opening (Figure.4.2(d)).

Figure 4.2 ARPES near the Fermi level using (a) 30eV circular polarized light and (b)100
eV p-polarized light. (c) nano-ARPES of a single graphene grain using 100 eV p-polarized
light at 77K. (d) Angle integrated photoemission intensity as a function of binding energy
for ARPES (multi graphene grains) and nano-ARPES (single graphene grain).
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At higher binding energy, several gaps are opened in the regions where the π
band overlaps the MoS2 bands with out-of plane orbital symmetry as shown in Figure.
4.3(a). These gaps, which are of significant size of up to ~0.8 ± 0.02 eV, are an evidence
that MoS2 bands with out–of plane orbital character produce hybridization with the π-band
of graphene. Figure. 4.3(a) shows the calculated second derivative of ARPES spectra
taken with h=100 eV along the (M-Γ-K)MoS2 where four and three gaps can be easily
visualized for (M-Γ)MoS2 and (Γ-K)MoS2, respectively. Figure. 4.3(b) shows a reported
theoretical band structure calculation of the bare MoS2 surface, which was compared
against the measured data of Figure. 4.3(a) in order to assign the orbital character of the
MoS2 that produces the gap.

Figure 4.3 Modification of graphene π-band through hybridization with MoS2 bands. (a)
Calculated second derivative of ARPES spectra with h=100 eV, along the M-Γ-K
direction of the MoS2 BZ. (b) Theoretical band structure calculation of the bare MoS2
surface (From [8]).
Additionally, nanoARPES spectra for two single graphene grains oriented along
the (Γ-K)graphene and (Γ-M)graphene closely aligned (within±1.5 ̊) with the (Γ-K)Mos2 direction,
were taken in order to verify that the electronic interaction between graphene and MoS2
is independet of the rotation of the graphene grains relative to the sbstrate. The
nanoARPES espectra for two ~ 30° rotated graphene grains along their (Γ-K)graphene
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and (Γ-M)graphene directions in Figure. 4.4(a) and (b), respectively, show that the band
gaps labeled with ‘2’, ’3’ and ‘4’ occur at precisely the same binding energy.

Figure.4.4 Nano-ARPES for two ~ 30° rotated graphene grains along their (Γ-K)graphene
and (Γ-M)graphene directions is shown in (a) and (b), respectively. Because of the graphene
grain rotation both these Nano-ARPES measurements are taken along almost the same
MoS2 substrate direction. The directions for the nano-ARPES measurements with respect
to MoS2-substrate and graphene for the two grains are schematically illustrated in the
inset.
4.1.2 Electronic structure modification and spin polarization of MoS2
The band structure and spin texture of MoS2/graphene interface was directly
measured by a combination of spin and angle resolved photoemission spectroscopy. In
this experiment two MoS2 synthetically grown single crystal with different doping levels
were used as substrates. One substrate was p-doped and the other slightly n-type doped.
The n-type doping in MoS2 is usually associated to S vacancies or anti-sites in the crystal.
The origin of the p- type doping in the MoS2 substrate used is not known, but it is known
that Nb-doping produces p-MoS2[9]. Each substrate was divided into two pieces. In one
piece served as substrate for transferred graphene, and the other was kept pristine to be
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used as a reference sample. SARPES and ARPES were performed at ANTARES and
Cassiope beamlines at Soleil Synchrotron.
Figure 4.5(a-b) shows ARPE spectra for p-type MoS2 along the Γ-K direction and
also constant energy intensity maps where the spin-orbit splitting of the valence band at
the K-point is clearly resolved. Figure 4.5(c) and (d) show the spin-orbit splitting for bare
and graphene covered MoS2. Figure 4.5(d) shows a comparison between band splitting
for the MoS2 substrate with and without graphene. It was found that in the k-point the
spin-orbit splitting is the 160 meV for both samples.

Figure 4.5 Valence band structure for p-doped 2H-MoS2. Intensity maps at E-EF=-0.8, 0.9 and -1.0 eV. (b) ARPES spectrum along the Г-K direction of MoS2 using a radiation
energy of 30 eV. ARPES (hv=30 eV) spectra close to the K-point along the A-K-A direction
for (c) MoS2 and (d) graphene –coverage MoS2. (e) Comparison of the band –split at the
K point for MoS2 and Graphene/MoS2.
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The interface formation between graphene and MoS 2 requires an energy
alignment of the Fermi level and the vacuum level. In this case, no covalent bonds
between graphene and the substrate are formed, therefore the energy alignment is
achieved by charge transfer. This charge transfer produces a shift of the Fermi level with
respect to the Dirac cone of graphene, band bending in the MoS2; and an interface dipole.
The interface dipole is produced by the orbital push –back effect (sometimes called
“pillow” effect). Figures 4.6 and 4.7 show the ARPES study for graphene transferred onto
n-doped MoS2 and p-doped MoS2, respectively.

Figure 4.6 Interface electronic structure of graphene on n-MoS2. (a) ARPES ( hv=30 eV,
circular polarized light) near to Fermi level along the Г-KGR-MGR. ARPES (hv=100 eV) for
along the Г-K direction for (b) graphene-covered n-MoS2 and (c) bare n-MoS2. (d)
Interface electronic structure of graphene on n-MoS2.
Two variations in the electronic structure of MoS2 (n- and p-doped) underneath
graphene are observed. First, there is a valence band shift to the lower binding energy
as a consequence of the band bending, compared to the surface without graphene. This
downward band bending in the semiconductor MoS2 indicates electron accumulation at
the interface and consequently slight electron depletion in graphene. For graphene
transferred on p-doped MoS2 a small shift of ~0.08 eV in the Fermi level below the Dirac
cone is observed (Figure 4.7(a)). Second, it is observed a band renormalization in which
the valence band maxima at the Г-point shifts by ~150 meV to lower binding energy with
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respect to the K point of the bare sample. The shift is found to be independent of the
MoS2 doping. Renormalization of TMD bands has been reported for monolayers grown
on metals or graphite and has been attributed to metal-induced screening in TMDs [1014].

Figure 4.7 Interface electronic structure of graphene on p-MoS2. (a) ARPES
(hv=100 eV) near to Fermi level at the K point for graphene on p-MoS2. ARPES (hv=30
eV) spectra near of the top of the valence band at Г- point (b) and K-point (c) for graphenecovered p-MoS2. ARPES (hv=30 eV) spectra near of the top of the valence band at Гpoint (d) and K-point (e) for bare p-MoS2 (f) Interface electronic structure of graphene on
p-MoS2.
To address the spin texture around the K point, SARPES was conducted for bare
and graphene covered p-doped MoS2. Figure 4.8 (a) and (b) show the ARPES spectra
close to the K-point measured in the electron analyzer that was used to detect the spin
polarization with a Mott-detector. The Mott detector measures spin components normal
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and parallel to the analyzer axis. Figure 4.8 (a-b) and (e-f) show the project of these
components onto the sample, where the spin-polarization normal and parallel to the
surface are labeled as Sz and Sx respectively. It is observed that only the surface normal
component of graphene-covered MoS2 shows opposite spin polarization of the split bands
(Figure 4.8(b)). For in-plane spin component, negligible polarization is detected.

Figure 4.8 All data were measured with (hv = 30 eV). ARPES for (a) graphene covered
p-MoS2 and (d) bare p-MoS2. Energy distribution curves (EDC) at the K-point are also
shown, highlighting the energy separation of the spin–orbit split bands. Spin-resolved
EDC at K-point (kx = 1.32 Å–1) obtained by SARPES for graphene- covered p-MoS2 (b)
component normal to the sample surface, and (c) component parallel to the sample
surface. Spin resolved energy distribution curve at K-point (kx = 1.32 Å–1) for bare pMoS2 (e) component normal to the sample surface, and (f) component parallel to the
sample surface. Only in (b) the spin–orbit split bands are spin polarized.
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An explanation for the observed spin polarization of the MoS2 surface covered by
graphene is that the electric field produced by the charge transfer to graphene results in
an inversion of symmetry breaking in the MoS2 interface layer (Debye layer) and thus
induce spin-polarization. It has been theoretically shown that a surface normal electric
field result in a weak polarization of the sulfur atoms in the S-Mo-S of each layer[15] and
unlike the in-plane dipole moment which retains the centrosymmetric structure of bulk
MoS2 an out-of-plane dipole break the inversion symmetry of the bulk stacking. Similar
arguments have been brought forward for observed Zeeman-type spin polarization in
ionic-liquid gated WSe2[16].

4.2 Synthesis and characterization of MoTe2 monolayer on MoS2
Herein, results for the synthesis and characterization of monolayer of MoTe 2 on
single crystal MoS2 growth by evaporating Mo and Te under UHV conditions are
presented. Figure 4.9(a) shows the evolution of the growth with time. Only once the
monolayer is almost completed, nucleation of second layers are observed. The islands
are all semiconducting and only at the edges a formation of metallic 1T’- MoTe2 (or MoTe2) is observed as shown in the STS spectrum (Figure. 4.9(d) and (e) and atomically
resolved images in Figure 4.9(b)). The islands also exhibit a high density of twin domain
boundaries which form pseudo periodic network with a periodicity of ~2.6nm. More details
about these twin boundaries are presented in section 4.2.1. Annealing of the submonolayer island structure results in a phase transition to the 1T’ MoTe 2 metallic phase
for temperatures above 500 °C. This can also be observed in STM with nanoscale
resolution. STM images were taken after individual annealing steps at room temperature.
The metallic region exhibit a brighter contrast in STM and this allows us to visualize the
transformed regions. Figure. 4.9(f) shows the transformation originates at the island
edges and then consumes the islands inwards. The semiconducting islands remain stable
up to 500 °C and in fact a reduction in defect concentration can be observed compared
to the as grown samples. At 600 °C all the edges of the islands appear bright indicating
the transformation in the metallic 1T’ phase. At 650 °C all the islands are transformed.
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Figure 4.9 STM study of MoTe2 growth on MoS2 substrates by MBE. (a) MoTe2monolayer island growth as a function of growth time. (b) The center a high density of
twin domain boundaries. Atomic resolution images confirm the hexagonal 2H structure of
the island and the 1T’ structure of metallic regions. (c) The islands are semiconducting
(red circles) with ~1 eV band gap. At the edges of the islands a few metallic regions are
detected (green circles) by STS. STS spectrum for the (d) green and (e) red circles. (f)
Annealing series of MoTe2 islands.
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4.2.1 Oxidation of MoTe2 islands by air exposure
Exposing submonolayer MoTe2 films to air results in an oxidation of the film.
Ambient-air AFM images are shown in Figure. 4.10(a), which may be compared to STM
images taken of the same film in UHV prior to air exposure, shown in Figure. 4.10(d). The
island structure is maintained. Measuring the island height reveals that island after air
exposure are significantly taller (1.02 nm) than expected for MoTe2 (0.6 nm). Subsequent
characterization of the film by XPS shows that the Te peak shifts by 3.42 eV from 572.71
eV for MoTe2 to 576.13 eV, as shown in Figure.4.10(c). The latter peak position
corresponds to TeO2. To evaluate the Mo-3d peak positions after air exposure without
having to de-convolute the contribution from the MoS2 substrate we also grew submonolayer of MoTe2 on HOPG-graphite. In these measurements, shown in Figure.
4.10(h), we observe a Mo-3d peak at 227.70 eV for MoTe2 and a shift to 232.36 eV after
air exposure. The latter peak position is consistent with MoO 3. Thus XPS indicates that
the grown submonolayer MoTe2 films are unstable in air and oxidize. Expected volume
expansion upon transformation of MoTe2 into MoO3 and TeO2 would also explain the
larger island height, measured by AFM, compared to the height expected for monolayer
MoTe2. While these films are unstable in ambient air, attempts to oxidize the MoTe 2 by
exposing up to 10-6 Torr pure O2 at temperatures up to 500 °C, or in 10 Torr of pure O2 at
room temperature did not result in oxidation of the film. Thus it is possible that in addition
to O2 other oxidants like water are important to cause the observed oxidation. To
understand the oxidation process better more studies under controlled atmospheres are
required.
4.2.2 Twin-grain boundaries in MBE-grown MoTe2
In this section, the growth of 2H-MoTe2 by MBE on a MoS2 single crystal substrate
is investigated. It is observed an even higher density of mirror-twin domain boundaries
(MTBs) for MoTe2 films compared to MoSe2 films grown under similar conditions. The
MTBs in MoTe2 form a pseudo-periodic network with a repetition length of only ~ 2.6 nm.
The higher density of MTBs in MoTe2 than in MoSe2 indicates a higher chalcogen
deficiency in MoTe2 compared to MoSe2 under similar growth conditions. The regular
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arrangement of these defect-lines strongly modifies the properties of these materials,
which is apparent in photoemission and scanning tunneling spectroscopy studies,
indicating metallic properties of these defects.

Figure 4.10 (a) Ambient AFM image and (b) line profile of MoTe2 monolayer flakes
exposed to air. The islands exhibit an island height of ~ 1nm. This is compared to the
island height measured for the as grown films by STM of ~0.6 nm, shown in (d) and (e).
Te-3d core-level spectroscopy before and after of air exposure is shown in (c). The
observed peak shift corresponds to formation of TeO 2. (f) Ambient non-contact AFM
image of MoTe2 flakes on HOPG. (g) Te-3d and (h) Mo-3d core-level spectroscopy before
and after air oxidation. The chemical shifts of the Mo and Te peaks after air exposure
correspond to MoO3 and TeO2.
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Figure.4.11 shows UPS, XPS, and the scanning tunneling spectroscopy (STS)
data of the MoS2 substrate before and after MoTe2 monolayer growth. UPS indicates the
valence band maximum at 0.67 eV below the Fermi-level for a synthetically grown MoS2
substrate. Combining this with the band gap measurement in STS of 1.32 eV indicates
that the synthetically grown MoS2 crystal is almost undoped with the Fermi-level close to
midgap. The S-2p core level is measured at a binding energy of 161.2 eV for the pristine
surface. Growth of monolayer MoTe2 induces a ~0.6 eV downward band bending and
consequently a corresponding shift of both the S-2p peak and the substrate component
of the Mo-3d peak, as can be seen in Figure 4.11(d) and (e).

Figure 4.11 (a) He I UPS spectrum of the MoS2 substrate prior to MoTe2 growth. (b)
Scanning tunneling spectroscopy (dI/dV) of MoS2 substrate (c) UPS spectra after MoTe2
monolayer growth. The metallic shoulder in the spectrum is assigned to defect states also
observed in STS. Sulfur 2p (d) and Molybdenum 3d (e) core-level spectroscopy of the
MoS2 before and after MoTe2 growth. The interface band alignment between MoS 2 and
MoTe2 constructed from these measurements is shown in (f). The Fermi-level in MoTe2
is pinned by the band gap states (illustrated schematically in (f)).
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The fact that both peaks shift by almost the same amount, excludes the possibility
of a chemical shift. A downward band bending in MoS2 substrate implies electron transfer
from the MoTe2 monolayer to MoS2. The downward bend bending also affects the sample
work function. By evaluating the secondary electron cut-off in UPS measurements a
change of the work function by ~ 0.7 eV, i.e. from 5.42 eV for the pristine MoS 2 surface
to 4.73 eV for the MoTe2 monolayer is observed. This work function change is 0.1 eV
larger than the band bending, indicating an additional dipole moment at the interface
between MoS2 and MoTe2. To find the Fermi-level in the MoTe2 monolayer UPS
measurements on a MoTe2 monolayer sample are conducted. The VBM of 2H-MoTe2 is
assigned by the strong drop in intensity. Extrapolation gives a VBM at 0.83 eV binding
energy. However, it is also observed a high photoemission intensity within the band gap
which only drops off close to the Fermi-level.
These band gap states are associated to the defect structures associated with
MTBs that we discuss below in more detail. The high density of gap states suggests that
the Fermi-level in the MoTe2 film is pinned and therefor is determined by the gap states.
STS measurements in non-defective areas of MoTe2, also discussed below, show a gap
of ~ 1 eV for MoTe2. The interface band alignment deduced from these measurements is
schematically summarized in Figure. 4.11(e). In addition of studies on this undoped
synthetically grown MoS2 substrate, additional studies on n-doped MoS2 substrates have
also been performed. The corresponding photoemission characterization is shown in
Figure 4.12. On an n-doped MoS2 substrate the same pinned Fermi-level in MoTe2 is
observed but in agreement with the n-type doping no additional band bending in MoS2 is
observed. The pinning of the Fermi-level at the surface and corresponding band bending
in the subsurface region is analog to, for example, Fermi-level pinning in semiconductor
surface states. Considering the mid-gap defect states in the MoTe2 monolayers as a
material property of the MTBs, suggest that the Fermi-level in MoTe2 with MTBs is always
pinned at the same position in its band gap, i.e. 0.83 eV above the conduction band
independent of the TMD substrate. Any charge induced by band bending in the TMD
substrate is compensated for in the MoTe2 layer by the relatively high density of states in
the band gap.
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Figure 4.12 (a) He I UPS spectrum of the n-MoS2 substrate prior to MoTe2 growth.(b)
Scanning tunneling spectroscopy (dI/dV) of n-MoS2 substrate indicates a band gap of
1.33 eV. (c) UPS spectra after MoTe2 monolayer growth shows a VBM at 0.83 eV below
the Fermi-level. (d) Scanning tunneling spectroscopy (dI/dV) of MoTe2 monolayer
indicates a band gap of 1.0 eV with additional states within the band gap. Molybdenum
3d (e) and sulfur 2p (f) core-level spectroscopy of the n-MoS2 before and after MoTe2
growth.(g) Band alignment between n-MoS2 and MoTe2 derived from photoemission and
STS.

51

Figure 4.13 (a) large scale STM image of a partial MoTe2 monolayer on MoS2 surface.
About 90% of the surface is covered by the monolayer. The inset shows the 2D-FFT for
the area sorrouded by the green square, the calculated periodicity is ~ 2.6 nm. (b) Large
scale STM image of mono- to bilayer MoSe2 on MoS2 surface. (c) ‘Wagon wheel’ model
of intersecting MTBs the separation between the parallel lines was calculated using the
MoTe2 lattice parameter equal to 0.3522 nm.(d) Comparison of appearance of line defects
in MoTe2 and MoSe2.
The high intensity of gap states indicates the presence of defects in the MoTe 2
films. STM measurements of monolayer terraces reveal an almost periodic modulation
with a periodicity ~ 2.6 nm, as shown in Figure. 4.13(a). The Fourier transformation of the
STM image is shown in the inset and demonstrates the hexagonal periodicity of the
modulation. At higher resolution it can be seen that this modulation consists of ‘wagon
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wheel’ structure consisting of six ‘spokes’ that appear as double rows in STM and which
are slightly offset at the center (the axel of the wheel). Almost identical patterns have been
identified for MoSe2. Our data of MoSe2 grown on MoS2, shown in Figure. 4.13(b), are
similar to that reported previously for growth on HOPG substrates[17] For MoSe2 the
atomic structure of these ‘spokes’ have been identified as MTBs. Theoretical calculations
and aberration corrected TEM have demonstrated that these line defects are Se deficient.
In higher resolution STM images these line defects appear as two parallel lines with a
separation of close to √3 aMoSe2 = 5.9 Å. From comparison with the previously derived
atomistic model the brighter contrast in STM can be identified as being associated with
the chalcogen-atom rows adjacent to the center of the line defect as indicated in Figure.
4.13 (d). For MoTe2 the defect lines appear very similar, i.e. again two parallel bright lines
are measured in STM with a separation of √3 aMoTe2 = 6.1 Å as shown in Figure. 4.13(d).
From the same appearance in STM we conclude that the line defect has the same
atomistic structure, and thus the same chalcogen deficient composition. However,
comparison of the larger scale images, it is apparent that there exists an important
difference between MBE grown MoTe2 and MoSe2. For MoTe2 the density of the wagon
wheel patterns is much higher than for MoSe 2 samples. In MoSe2 monolayers the
separation is less regular but is estimated to be around 6.0 nm on average. Comparing
this value with the 2.6 nm periodicity for MoTe2 and taking into account the 3 different
directions of the defect lines, indicate that the defect concentration in MoTe 2 is about 6-7
times larger than in MoSe2, grown at the same temperature and Mo-flux. The 3-fold
symmetry of the 2H-MoTe2 structure allows for 3 equivalent crystallographic directions for
twin boundaries. A single domain enclosed by these boundaries will form a triangular
structure (note that a hexagonal structure is not possible because opposite parallel zigzag edges are either chalcogen or Mo terminated and only Mo terminated edges can form
this grain boundary). Thus the ‘wagon wheel’ pattern is a dense packing of these
triangular domains of alternating twins. The offset of the line defects at the center of the
‘wagon wheel’ avoids the formation of more complex defect structures. This is apparent
in Figure. 4.13(d), which shows the likely structure of the wagon wheel center derived
from the distances measured in the STM image shown in Figure. 4.13(e).
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Figure 4.14 Local variation of the electronic properties of MoTe2 measured by STS. In
(a) the STS map of the tunneling current at -0.737 V bias voltage is shown (darker
corresponds to higher current). This STS map reproduces the periodicity of the wagon
wheel structure that is seen in the simultaneously acquired STM image shown in (b). The
differential conductance (dI/dV), averaged over 50 data points from two regions, indicated
in (a), are shown in (c). While the position of the conduction band minimum is
approximately the same for both regions the center of the wagon wheel shows additional
states within the band gap of MoTe2
In order to correlate the defect structure with electronic properties measured by
UPS, we performed point I-V measurements with the STM on a dense grid of 128 x 128
pixels across a 22 x 11 nm2 image. STS were taken with a set-point of I= 1.0 nA and
V=+0.4 V. At this set point value the feedback loop was turned-off and the tunneling
current was recorded as a function of bias voltage, which was ramped from 2.0 V to -2.0
V. Equivalent areas within the STM image show characteristic dI/dV spectra. In regions
away from grain boundaries (red line in Figure. 4.14 (c)), the spectra indicate a band gap
of ~ 1 eV, with the valence band maximum at 0.86 eV below the Fermi-level. This agrees
well with the assignment of the VBM in UPS measurements. Also the band gap value
relates well with the reported 1.02 eV[18] direct band gap of bulk MoTe2 and is only
slightly less than that reported for monolayer MoTe2 of 1.1 eV[19]. At the center of the
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‘wagon wheel’ structure we observe additional states within the band gap of MoTe 2 in
STS, as the green spectrum in Figure. 4.14 (c) shows. We assume that these states give
also rise to the band gap states measured in UPS. The correlation between the defect
states and the axel of the wagon wheel structure can be seen by plotting a current map
from the STS point spectra. Plotting the measured currents in the I-V spectra at a voltage
of -0.737 V, within the band gap of MoTe2, we measure higher currents only within regions
with band gap states and low currents otherwise. Such a current map is shown in Figure.
4.14 (a), clearly indicating the localization of the band gap states in specific regions and
with periodicity of the wagon wheel structure. These regions can be overlain on the STM
image (Figure.4.14 (b)) acquired simultaneously with the STS map. This demonstrates
the location of the defect states at the ‘wagon wheel axel’.
The MTBs are chalcogen deficient, i.e. they have a metal: chalcogen ratio of 1:1.
The high density of such twin boundaries suggest that they may be a consequence of the
growth conditions encountered in MBE. Although the chalcogen flux is usually one to two
orders of magnitude higher in MBE than that of the transition metals a low residence time
of the chalcogens on the surface before re-evaporation may result in chalcogen deficient
layers. Ab-initio thermodynamics simulations of MoSe2 have shown that the twin domain
boundaries have a low formation energy especially under low chalcogen chemical
potentialsError! Bookmark not defined. Furthermore, recent TEM studies have shown
that these twin domain boundaries are formed under electron beam induced chalcogen
desorption[20], further suggesting that these twin boundaries are indeed energetically
favored over random chalcogen vacancies in TMDs under strongly chalcogen deficient
conditions. The observation of twin boundaries in MoTe 2 as well as the previously
reported MoSe2 monolayers suggest that networks of MTBs are common for other MBE
grown 2D transition metal dichalcogenides. The 6-7 times higher density of MTBs in
MoTe2 than MoSe2 under similar growth conditions suggests that chalcogen-deficienct
films are formed more easily in MoTe2 than MoSe2. Calculations for chalcogen-vacancy
formation energies show that this energy is lower for MoSe 2 (2.82 eV) than for MoTe2
(3.06 eV) [20]. This would suggest that it is easier to obtain vacancies in MoSe 2 than in
MoTe2, however, formation energies of individual vacancies may not be directly
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comparable to the line defects observed here. Our observation suggest that the formation
energies of MTBs may be lower for MoTe2 than for MoSe2 but this remains to be tested
by computation. An indication that MoSe2 is more stable compound than MoTe2 comes
from the experimental heat of formation that is larger for MoSe2 (2.43 eV)[21] compared
to MoTe2 (1.88 eV)[22] and this may be in favor of a lower defect concentration in MoSe 2.
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5. SUMMARY

5.1 Graphene/MoS2 van der Waals Heterostructures
In this work, CVD grown graphene was successfully transferred onto a bulk MoS2
single crystal. After transfer process, AFM images showed evidence of water layers
trapped in between MoS2 and graphene. The water is only removed after vacuum
annealing at 300°C by 4 hours and a clean and low-defects graphene/MoS2 interface is
formed. This large scale and high quality interfaces allowed for the first time the direct
measurement of the electronic structure and spin texture by using ARPES, nanoARPES,
and SARPES.
ARPES and nanoARPES characterization showed the formation of band gaps in
the -band of graphene where it overlaps with the out-of –plane orbital component of
MoS2 band structure. This is indicative of orbital mixing between graphene and MoS 2 in
this van der Waals heterostructure. Additionally, it was found that Dirac cone of graphene
remains intact with no band gap at the Dirac point.
Finally, ARPES and SARPES study showed that the surface properties of the
MoS2 underneath graphene change in two important ways. Firstly, charge screening
caused the Γ-point to moves by ~150meV to lower binding energy relative to the K-point,
resulting in a reduction in the band gap. Secondly, the spin-orbit split bands at the K-pint
for MoS2 become spin polarized. This spin polarization is the result of the breaking of the
inversion symmetry produced by the electric field due to charge transfer between
graphene and the MoS2 substrate.
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5.2. 2H-MoTe2 monolayer/MoS2 van der Waals Heterostructures
Sub-monolayer of 2H-MoTe2 has been grown for the first time by MBE on MoS2
substrates directly in UHV, which allowed the in-situ heterostructure characterization by
using STM, STS, XPS and UPS. 2H-MoTe2 was grown using tellurium rich conditions and
low substrate temperature (~200°C).
STM and STS images revealed that the 2H-MoTe2 film exhibits a high density of
mirror-twin boundaries arranged in a pseudo periodic wagon wheel pattern with a
periodicity of ~2.6nm. STS and UPS spectroscopy showed that the defect states from
these boundaries fill the band gap and give the film metallic properties.
Finally, the band-alignment for MoTe2 grown on MoS2 substrates with two different
doping level is determined. These band–alignments showed that the Fermi level in MoTe2
is pinned always in the same position within its band gap at 0.83 eV above the conduction
band independently of the doping level of the MoS2 substrate.
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APPENDICES

Appendix A: Interface between graphene and SrTiO3 (001)
For electronic devices applications such as FETs, graphene can be supported by
high dielectric constant (high –k) substrates in order to reduce Columbic scattering from
charged impurities and to provide a good electrostatic gate control of the Fermi level [1].
Recently, it was reported that by using SrTiO3 (100) (ST0) as substrate for graphene a
better charge carrier mobility can be obtained compared to SiO2 substrate [2]. This
improvement in the carrier mobility has been related to the high dielectric constant of
STO, which is around 300 and 10000 at room temperature and cryogenic temperature,
respectively [3]. In this work, a study of the interface between CVD grown graphene and
Nb-SrTiO3 (100) is studied by using scanning tunneling microscopy (STM) and
photoemission spectroscopy.
It was found that after a vacuum annealing of graphene on STO at 700 ̊C, a welldefined interface is obtained as observed in Figure 1(a). In this figure, a large scale STM
image of graphene on STO shows two substrate terminations underneath graphene. One
surface structure is strongly corrugated, while the other appears as a flat terrace. Figure.
1(b) shows a zoom–in on the flat terrace where the atomic honeycomb structure of
graphene is clearly observed. Careful investigation of the graphene structure reveals that
it is periodically wavy due to the STO reconstruction underneath graphene (Figure. 1(c)).
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Figure 1 Graphene on STO after annealing at 700 C. (a) Large scale STM image (450
nm × 450 nm, Vbias= 1.5 V It= 0.5 nA). (b) Zoom-in on the flat terraces (Vbias= 10 mV It= 5
nA). (C) STM image of graphene/STO is superimposed onto a scaled bare STO-c (6×2)
surface. The waviness of the graphene illustrates that it follows the substrate modulation
of the surface reconstruction.
Figure 1(b) also shows the formation of hexagonal holes in the graphene layer
which could be produced by the reaction between the under-coordinated graphene edge
atoms and oxygen atoms diffused on the surface when the sample is annealed at high
temperature. In order to understand the etch mechanism process, a two-steps study of
the thermal stability of graphene on STO is carried out. In the first step, the XPS C 1s
signal is normalized with the XPS substrate signal and monitored as a function of the
annealing temperature (Figure. 2(a)). This figure shows that graphene is stable up to an
annealing temperature of 700°C and after this temperature the carbon signal start to
decrease.
In the second step, the normalized XPS C 1s signal is monitored a function of time
for an annealing temperature of 825 °C (Figure 2(b)). In both steps, it was assumed that
the XPS of the substrate signal does not change; therefore, the C 1s/Sr 3d (or O 1s or Ti
2p) ratio is proportional to the area covered by graphene. Thus, the decrease in the peak
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ratio indicates a consumption of graphene, and the change in the peak ratio suggests
how fast the graphene is consumed. This figure also shows that the rate at which the
carbon is consumed has an exponential decay indicating that the consumption of
graphene is proportional to the area covered by graphene. Figure 2(c) shows XPS C1s
spectra for different annealing times at 825 °C.

Figure 2 (a) C 1s/Ti 2p2/3, C 1s/Sr 3d5/2, and C 1s/ O 1s XPS signal ratios. (a) XPS signal
ratios as a function of the annealing temperature. Annealing at each temperature was
done for 30 min. (b) XPS signal ratios as function of time for annealing at 825 ͦC. (c) XPS
C1s spectra for different annealing times at 825 °C.
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